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Abstract: Single-phase Y4Al2O9 (YAM) powders were synthesized via solid-state reaction starting 
from nano-sized Al2O3 and Y2O3. Fully dense (99.5%) bulk YAM ceramics were consolidated by 
spark plasma sintering (SPS) at 1800 ℃. We demonstrated the excellent damage tolerance and good 
machinability of YAM ceramics. Such properties are attributed to the easy slipping along the weakly 
bonded crystallographic planes, resulting in multiple energy dissipation mechanisms such as 
transgranular fracture, shear slipping and localized grain crushing.  
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1  Introduction 
In the Al2O3–Y2O3 phase diagram, three intermediate 
compounds exist: (i) Y3Al5O12 (YAG) with cubic 
yttrium aluminum garnet structure, (ii) YAlO3 (YAP) 
with orthorhombic yttrium aluminum perovskite or 
hexagonal structure, and (iii) Y4Al2O9 (YAM) with 
monoclinic structure [1]. YAG has been widely 
investigated for a wide range of applications, including 
rare-earth doped phosphors [2–6] (where color and 
efficiency are controlled by host lattice effects), and 
transparent ceramics for solid-state lasers [7–9]. In 
addition, more structural applications have been 
proposed for YAG as reinforcement fiber in ceramics 
and intermetallic composites [10] besides functional 
YAG thermal barrier coatings (TBC) [11] and thin 
films [12,13].  
Compared to YAG, YAP shows complementary 
properties, and it is currently employed in laser system 
as an excellent gain medium material for scintillators, 
acousto-optics [14,15] and Q-switches [16,17]. 
Up to now, the luminescence properties of rare-earth 
doped YAM have been widely investigated. For 
example, Yadav et al. [18] studied the emitting 
properties of Eu3+-doped YAM exposed to vacuum 
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ultraviolet (VUV) and ultraviolet (UV). Wang and 
Wang [19] reported that YAM:Re (Re = Tb3+, Eu3+) 
phosphors are promising candidates for plasma display 
applications. The thermal stability and phase 
transformation of YAM at high temperature attract 
considerable research attention as well [20–24]. 
Furthermore, YAM might have some potential 
applications even as high-temperature oxidation/ 
thermal barrier coatings [25]. In fact, Zhan et al. [26] 
have shown that the lattice thermal conductivity of 
YAM is as low as 1.10 W/(m·K) on the basis of the 
first-principles calculation, and experimental results 
confirme a very low thermal conductivity of 
1.56 W/(m·K) at 1000 ℃.  
However, despite the significant number of scientific 
publications about YAM, its intrinsic mechanical 
properties are seldom described in literature. The 
present work aims to (i) synthesize high-purity 
single-phase YAM powders via a solid-state reaction, 
(ii) achieve fully dense bulk ceramics using spark 
plasma sintering (SPS), and (iii) characterize the 
microstructure and describe the mechanisms involved 
in its damage tolerance behavior and machinability.  
2  Experimental procedure 
Nano Al2O3 powders (140 nm, 99.99%, Taimei 
Chemcials Co Ltd., Osaka, Japan) and nano Y2O3 
powders (50 nm, 99.99%, Aladdin Reagent Inc., 
Shanghai, China) with the molar ratio of 1 : 2 were wet 
mixed in a planetary ball milling machine. The slurry 
was freeze-dried in order to minimize particle 
agglomeration. Subsequently, the freeze-dried powders 
were sieved and heated in an alumina crucible at 
1650 ℃ for 30 h by using a muffle furnace 
(Nabertherm P310, Bremen, Germany). The 
as-synthesized powder mixture was poured in a 20-mm 
diameter graphite mould and densified by an SPS 
furnace (FCT Systeme GmbH DH25, Frankenblick, 
Germany). The densification process was carried out 
via a multi-step heating method; the initial heating rate 
from room temperature (RT) to 1300 ℃ was 50 ℃/min, 
and at higher temperature it was reduced down to 
25 ℃/min. The dwell time and uniaxial pressure were 
15 min and 30 MPa, respectively. The sintered bulks 
were examined by X-ray diffraction (XRD, Bruker 
AXS Inc. D8 Discover, Madison, WI) and scanning 
electron microscope (SEM, Hitachi S-4800, Tokyo, 
Japan) equipped with energy dispersive spectrum 
(EDS). The densities of sintering polished bodies were 
determined by Archimedes method. Vickers hardness 
(Hv) was measured by a Vickers hardness tester 
(Wilson Wolpert 432 SVD, Norwood, MA, USA) 
under various loads. For each load, six indents were 
made. The morphologies of indents were examined by 
SEM. The polished and fractured surfaces were also 
examined with SEM. The flexure strength was 
determined via a three-point bending test. The samples 
were cut into the dimensions of 3 mm × 3 mm × 18 mm 
with diamond wire saw. The crosshead in the test was 
0.5 mm/min. The brittleness index (B) and CNC 
(computer numerical control) machining were used to 
quantitatively estimate the machinability of YAM 
ceramics. The thermal conductivity of disk YAM 
specimen (Φ 12.7 mm × 1 mm) was measured by the 
laser flash technique in the temperature range of 
400–980 ℃ . At various temperatures, the thermal 
conductivity (Dth) and constant pressure molar heat 
capacity (Cp) were measured by a laserflash thermal 
analyzer (NETZSCH LFA457, Selb, Germany).  
3  Results and discussion 
The synthesis of YAM powders was carried out via a 
solid-state reaction using nano-sized Al2O3 and Y2O3 
powders as starting materials. The relatively high 
reaction temperature (1650 ℃) and prolonged dwelling 
time (30 h) contributed to the synthesis of pure YAM 
powders as confirmed by XRD. 
The starting Al2O3 is α phase, which is the only 
allotrope thermodynamically stable at high temperature 
[27]. In addition, Al3+ and Y3+ show identical valence. 
Thus, no electron migration occurred in the reaction 
process; the reaction was mainly driven by the mutual 
diffusion of Al3+ and Y3+ ions. However, the ionic 
radius of Y3+ ion is larger than that of Al3+ ion, making 
the solid-state reaction largely depending on the 
diffusion rate of Y3+ ion. Therefore, it is reasonable   
to assume that the reaction kinetics was mainly 
controlled by the diffusion rate of Y3+ ions into 
Al3+-rich side.  
During the progress of the reaction, YAM, YAP and 
YAG phases appeared (detected by XRD, not shown 
here). The intermediated formed phases behaved as 
barrier inhibiting the mutual diffusion of Al3+ ions and 
Y3+ ions. Accordingly, in comparison with the 
phase-diagram temperatures, the formation of 
intermediate layers required higher reaction 
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temperature and prolonged soaking time to complete 
the synthesis of YAM.  
Due to the thermal stability even at 1650 ℃ for tens 
of hours (experimental synthesis conditions), in 
combination with the extremely low thermal 
conductivity [26], YAM might be considered as a 
promising candidate for thermal insulation material. In 
order to investigate the mechanical properties of YAM 
ceramics, the as-prepared powders were consolidated 
by SPS method. Figure 1 shows the XRD pattern of 
YAM bulk sintered at 1800 ℃ for 15 min. No phase 
transformation or decomposition is observed in 
comparison with the starting powders, and all the 
diffraction peaks belong to YAM phase.  
 
2θ (°) 
Fig. 1  XRD pattern of YAM bulk sintered at 
1800 ℃ for 15 min. No detectable modification on 
the pattern is observed in comparison with the 
synthesized powders.  
Figure 2 shows the absolute and relative densities of 
sintered YAM bulk as a function of SPS temperatures. 
The densities increase with the increment of sintering 
temperature. Full dense YAM, 99.5% (4.497 g/cm3), is 
obtained when the sintering temperature is 1800 ℃. 
No phase decomposition is observed in the YAM, thus 
confirming the excellent temperature stability even up 
to 1800 ℃. 
Figure 3 shows the SEM micrographs of polished 
and fracture surfaces of YAM ceramics sintered at 
1750 ℃ and 1800 ℃. As confirmed in Figs. 3(a) and 
3(b), no obvious porosity is observed on the polished 
surfaces, and this is consistent with the density 
measurements shown in Fig. 2. As observed in Figs. 
3(c) and 3(d), the main fracture mode is transgranular. 
In addition, typical cleavage zone pointed by an arrow 
in Fig. 3(c) is found widely distributed on the fracture 
surfaces. The specific fracture surface also indicates 
the presence of weak interface. Sun et al. [28] reported 
the similar fracture characteristic in high damage 
tolerant ceramics γ-Y2Si2O7, where the fracture energy 
was believed to be consumed by crack deflection and 
cleavage. Similarly, the YAM fracture by cleavage is a 
more preferred means for energy dissipation since it 
requires less energy than crack propagation through the 
grain boundaries [29].  
The insets of Fig. 4 show the Vickers hardness 
imprints of YAM performed under different 
indentation loads. Due to the elastic recovery of the 
sample during unloading, the so-called indentation size 
effect (ISE) [30] occurs and the Vickers hardness 
decrease with the load. The Vickers hardness of dense 
YAM ceramics under a load of 100 N approaches 
4.3 GPa.  
From the insets of Fig. 4, no cracks are generated at 
the corner of the indents for loads between 10 N and 
100 N. The mechanical feedback behaviors of YAM    
to external loads imply that some special energy 
dissipation mechanisms might exist there. 
Consequently, the morphology of Vickers indentation 
imprints was investigated with SEM. It is found at a 
low load (10 N), the indentation energy is dissipated by 
grain crushing. When the load is increased up to 30 N, 
apart from being absorbed by grain crushing, the 
mechanical energy is directly dissipated at the contact 
area by the shearing slipping (Fig. 4 Inset (b)). When 
the loads are increased up to 50 N and 100 N, the 
contact pressure zones peel off the material from the 
surfaces, and this might be associated with pulling out 
and sliding effects induced by the high shearing stress. 
Temperature (℃) 
Fig. 2  Absolute and relative densities of sintered 
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The obvious protuberance observed along the edges of 
the imprints as evidenced in Fig. 4 Insets (c) and (d), 
suggests that the weakly bonded planes easily slip 
under the shear stress of the indentations [26]. The 
damage mechanisms consist of intergranular and 
transgranular fractures, grain crushing and pulling-out 
effect. It is then reasonable to conclude that YAM 
ceramics exhibit typical damage tolerant features like 
γ-Y2Si2O7 and nano-layered MAX phases [28,31].  
In order to investigate in more details the damage 
mechanisms involved, the cross section of indentation 
imprint made by a load of 50 N was analyzed. As 
indicated in Fig. 5(a), three layers distribute vertically 
downward to the damage zone, being surface layer, 
subsurface layer and substrate, respectively. It is 
observed that the surface layer is crushed into fine 
powders. Grain crushing is believed to be the 
dominating mechanism for energy dissipation. 
Together with grain crushing (Fig. 5(b), area B), it is 
possible to observe shear slipping (Fig. 5(c), area C) in 
the subsurface layer. As also evidenced in Fig. 5, the 
substrate remains intact, while most of the indentation 
energy is locally dissipated nearby the indentation by 
crushing and shearing of grains. This localized 
dissipating energy feature is comparable with contact 
 
Fig. 4  Vickers hardness profile as a function of 
indentation load. The insets show the SEM 
micrographs of Vickers indents induced by different 
loads: (a) 10 N, (b) 30 N, (c) 50 N, and (d) 100 N.  
   
   
Fig. 3  SEM micrographs of polished surfaces (sintered at (a) 1750 ℃, (b) 1800 ℃) and fracture 
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damage tolerance of quasi-plastic ceramics such as 




Fig. 5  (a) Magnification of protruded zone, evidencing 
(b) grain crushing (area B in (a)), and (c) shear zone 
(area C in (a)) obtained under an indentation load of 
100 N of YAM sintered at 1800 ℃. 
It is also found that dense bulk YAM ceramics can 
be easily machined by conventional cemented carbide 
(WC-Co) drill. Drilling test was performed using a 
3-mm diameter drill with a rotating speed of 1250 rpm. 
No drilling fluid or coolant was used during the 
drilling. YAM ceramics show almost the same material 
removal rate compared to MAX phases. A macrograph 
of the drilled sample with 3 closely aligned holes is 
shown in Fig. 6(a). The holes couple well with the drill, 
no visible cracking or chipping phenomena are 
observed around these holes. A high-magnification 
SEM image to the inner wall of the drilled hole is 
shown in Fig. 6(b). The inner wall of the hole is 
complanate and partially covered with a layer of 
smeared debris. The apparent roughness (Ra) is about   
4 μm. Consequently, it is then reasonable to consider 
YAM as machinable ceramics. Although porosity, to 
some degree, determines the machinability of ceramics 
greatly [32], it is just not the case for YAM ceramics 
when considering the extremely high relative density 
of sintered bulks. The cleavage planes that behave as 
weak interfaces in fact partially contribute to the good 
machinability, as demonstrated in the case of 
mica-containing machinable glass ceramics [33]. 
Analogously, the successful fabrication of machinable 
Si3N4/h-BN composite is also benefitting from the 
self-possessing cleavage planes in h-BN [34,35]. In 
addition, the aforementioned specific energy 
dissipation mechanisms such as grain crushing, shear 
slipping or deflection and branching effects might   




Fig. 6  (a) Optical photograph of the drilled YAM 
ceramics and (b) SEM image of the surface of the 
drilled hole.  
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First-principles calculations anticipate that YAM 
exhibits relative low shear modulus (74 GPa) [28]. The 
flexure strength of dense YAM ceramics prepared by 
SPS is 110 MPa. In agreement with the previous 
investigations on machinable oxide ceramics such    
as LaPO4 [36] and CaWO4 [37], both the low shear 
modulus and shear strength are crucial factors to obtain 
good machinability. Thus, the relative low shear 
modulus together with the low flexure strength of 
YAM might also have led to the good machinability.  
Furthermore, brittleness index (B), originally 
introduced by Boccaccini [38], is used to quantitatively 
assess the machinability of YAM. The brittleness index 
(B) is defined as follows:  




                 (1) 
where HV represents the intrinsic Vickers hardness; KIC 
stands for the fracture toughness. Lower value of B 
corresponds to the superior machinability. For com-    
parison, some typical machinable ceramics such as 
LaPO4 [36], Macor [39], Ti3SiC2 [40], Nb4AlC3 [41], 
and γ-Y2Si2O7 [28] are listed in Table 1. As indicated in 
Table 1, the brittleness index of YAM is 3.58 m1/2, 
while for highly machinable MAX phases of Ti3SiC2 
and Nb4AlC3, the B values are 0.67 m1/2 and 
0.37 m1/2, respectively. Even if YAM does not show 
machinability as good as that of MAX phases, the 
machinability of YAM is comparable to γ-Y2Si2O7 
ceramics and it is slightly better than that of LaPO4 
ceramics.  
Table 1  The calculated brittleness indexes of typical ceramics 
 Vickers hardness Hv (GPa) Fracture toughness KIC (MPa·m1/2) Brittleness index B (μm1/2) 
LaPO4 [36] 4.86 1.0 4.86 
Macor [39] 3.00 1.4 2.14 
Ti3SiC2 [40] 4.00 6.0 0.67 
Nb4AlC3 [41] 2.60 7.1 0.37 
γ-Y2Si2O7 [28] 6.20 2.1 2.95 
YAM 4.30 1.2 [26] 3.58 
 
As shown in Fig. 7, due to the potential application 
as TBC at high temperature, we measured the heat 
capacity and thermal conductivity of YAM up to 
980 ℃. The thermal conductivity of YAM ceramics 
slightly increases between 400 ℃ and 600 ℃. In this 
temperature range, the dominant thermal conduction 
mechanism is phonon thermal conduction. In the 
temperature range between 600 ℃ and 980 ℃, the 
contribution of photon thermal conduction becomes 
significant. The thermal conductivity of dense YAM   
is 2.83 W/(m·K) at 980 ℃ . The higher thermal 
conductivity compared with that ever reported by Zhan 
et al. [26] might be attributed to different morphology 
in local and the way of material preparation. The 
relatively low thermal conductivity together with 
excellent high temperature stability make YAM 
ceramics a promising candidate for TBC materials. As 
a comparison, the thermal conductivity of YAM is 
comparable to that of the widely-known TBC 
material—yttria-stabilized zirconia (YSZ, 2.0 W/(m·K) 
at 1127 ℃ [11]), while thermal stability of the former 
is definitely much better. As for YAG, another stable 
phase in the Y2O3–Al2O3 system with a thermal 
conductivity of 3.2 W/(m·K) at 1000 ℃ , has been 
proposed as potential TBC materials [11]. 
Consequently, from this point of view, YAM might 
even have slight superiority over YAG in TBC 
material field.  
4  Conclusions 
Single-phase Y4Al2O9 (YAM) powders were 
successfully synthesized by a solid-state reaction 
Temperature (℃) 
Fig. 7  Experimental measurements of heat 
capacity and thermal conductivity of the as-prepared 
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carried out at 1650 ℃ for 30 h starting from 
nano-sized Al2O3 and Y2O3 particles. Full dense YAM 
ceramics were obtained in a subsequent SPS 
consolidation step. When the SPS sintering 
temperature was 1800 ℃, the relative density of 
sintered body was as high as 99.5%. Fracture 
morphologies revealed the predominance of 
transgranular fracture mode. The intrinsic Vickers 
hardness of YAM was 4.3 GPa. The flexure strength of 
dense YAM ceramics was 110 MPa. It was confirmed 
that YAM ceramics were damage tolerant and 
machinable. The intergranular and transgranular 
energy dissipation mechanisms for crack propagation 
involved grain crushing and grain shear slipping. The 
thermal conductivity of YAM was 2.83 W/(m·K) at 
980 ℃.  
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